Carbon nanotubes exhibit exceptional dc electrical transport but relatively little is known about their ac behavior. We discover, in the ac impedance spectra of nanotubes, an intrinsic resonance at a fixed ultrasonic frequency of 37.6 kHz. In the 100 Hz to 8 MHz frequency range the overall impedance shows a negative capacitance associated with the dynamical response of the metal-nanotube contact. These effects could be used to compensate capacitance in electronic circuits or to fabricate nanotube-based transducers. DOI: 10.1103/PhysRevB.64.201402 PACS number͑s͒: 73.63.Fg, 61.46.ϩw, 85.35.Kt Carbon nanotubes are promising candidates for molecular devices due to their reduced dimension and unique electronic properties. Recently it has been demonstrated that nanotubebased transistors 1,2 and quantum wires 3-5 can be fabricated. Yet, so far, most measurements of nanotubes have been limited to dc electrical transport. In practice, if one wants to use nanotubes in microelectronic devices and interconnects, the ac impedance becomes extremely important. Here we study the ac impedance characteristics of isolated single-walled and multiwalled nanotubes and discover some extraordinary properties intrinsic to nanotubes.
Carbon nanotubes are promising candidates for molecular devices due to their reduced dimension and unique electronic properties. Recently it has been demonstrated that nanotubebased transistors 1,2 and quantum wires [3] [4] [5] can be fabricated. Yet, so far, most measurements of nanotubes have been limited to dc electrical transport. In practice, if one wants to use nanotubes in microelectronic devices and interconnects, the ac impedance becomes extremely important. Here we study the ac impedance characteristics of isolated single-walled and multiwalled nanotubes and discover some extraordinary properties intrinsic to nanotubes.
Single-walled carbon nanotubes, grown by the electric arc-discharge technique, and purified by standard procedures reported in the literature 6 were deposited on a Si wafer with a capped SiO 2 layer. Four tungsten electrodes were fabricated and patterned onto nanotube ropes by the focus ion beam ͑FIB͒ technique ͑for details, see Ref. 7͒ . The nanotube ropes that were contacted for measurements were characterized by scanning electron microscopy ͑SEM͒ and atomicforce microscopy and were found to be uniform and free of any metal particle contamination that could have originated during synthesis. By tapping different segments of the nanotube rope ͓e.g., Fig. 1͑e͒, A-B 
, B-C, C-D, A-C, B-D, A-D͔,
we performed several different two-terminal measurements on the contacted isolated nanotube ropes. The I-V characteristics ͑dc measurements͒ show that the rope is semiconducting. Most of our ac experiments were performed at room temperature or temperature up to 75°C using a HP 4192A impedance analyzer. The distributed impedance of the connection cables is corrected by using three standard metal resistors of 10, 20, and 50 k⍀. Figure 1 shows the impedance spectrum of a single-walled nanotube rope from 100 Hz to 8 MHz. For the real part, the impedance Z decreases with the frequency. At very high frequencies, the real part of Z obeys the power law in frequency, Re(Z)ϰf Ϫ1.77 . The imaginary part of Z increases first, peaks at about 2 MHz, and decreases at higher frequencies. It also obeys a power law at high frequency, i.e., Im(Z)ϰf Ϫ0.87 . For frequencies Ͻ8 MHz, it is reasonable to use an equivalent RC circuit to model the impedance spectrum. The fit ͑shown as the red solid curves in Fig. 1͒ of the experimental data gives a static resistance of Rϭ18.4 k⍀ and a capacitance of CϭϪ4.46 pF. This low resistance is typical for tube-metal contacts fabricated by the FIB technique. 7 During the patterning of electrodes, defects and metal-carbon bonds are created in the nanotube bundle, which delimits the maximum electron mean-free path to be of the order of microns. However, the negative capacitance is quite unusual, and is caused by certain relaxation mechanisms during electron transport through a nanotube rope. 8, 9 According to Penin, 9 in general, the capacitance caused by such relaxation mechanisms can be expressed as
where C 0 and R 0 are the geometric capacitance and resistance, respectively, and is the relevant electron relaxation time in the system. Under the condition that 2 f Ӷ1 and C 0 Ӷ/R 0 , CϷϪ/R 0 , i.e., the negative capacitance is proportional to the electron relaxation time. During ac transport the electron experiences different scattering events, both at the two metal-tube contacts ( contact ), and at the NT rope ( rope ). In particular, we can estimate the relaxation time for electron transport in the rope to be of the order of 1 ps assuming the mean free path of electron in the rope ϭ1 m ͑Ref. 10͒ and the Fermi velocity F ϭ10 6 m/s.
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This value should be considered as an upper limit to the room-temperature electron scattering rate and it is smaller than the measured phonon-scattering time of 18 ps at the Fermi level in two-photon photoemission experiments. 12 However, even if those picosecond values of relaxation time are rather large and support the observed ballistic transport and high-current stability of nanotubes 1-5 they are smaller than the value of ϭ82 ns we obtain from the fit of the ac transport data. Therefore, it is likely that the metal-nanotube junctions should dominate the electron relaxation mechanism responsible for the large negative capacitance. At this point, the detailed mechanism for the electron relaxation process in the metal-nanotube junction is not clear. It could relate to the interfacial charge states such as metal-contact d-like resonance, metal-tube bonding, etc. If this speculation is true, we can describe these states as effective resonantlike levels with a given lifetime . After applying a voltage jump the wave function of these states would evolve with time t as exp (Ϫt/2). In other words, the current cannot follow instantaneously and must take some time to reach a new steady value, and this corresponds to the negative capacitance effect. 13 Quite strikingly, at low frequency there is a clear large impedance jump ͑or resonance͒ in the real part of the spectrum ͓Fig. 1͑c͔͒. For f Ͻ37.6 kHz, the impedance increases slightly. However, at 37.6 kHz, the impedance jumps from about 22 to 17 k⍀. This behavior is seen for all the six configurations shown in Fig. 1͑e͒ , and the frequency where the impedance jump occurs is the same in all six cases and corresponds to 37.6 kHz. In Fig. 1͑d͒ , we can see that there are two frequency regions in the vicinity of the resonance: a capacitive region for f Ͻ f r ϭ37.6 kHz, and an inductive region for f Ͼ f r . Note that this capacitive part does not have the same origin as the one we introduced previously based on a classical analog of the high-frequency part. By fitting the low-frequency range ͑Ͻ100 kHz͒ we obtained the following values of C q ϭ6 nF and L q ϭ1.17 mH. These values are seven orders of magnitude larger than a classical estimation of the geometrical capacitance and inductance for a long coil with radius rϳ1 nm, length lϳ10 m and with N turns ͑ϳl/a, where a is the lattice spacing in nanotube͒, e.g.,
respectively. We remark that the inductance value obtained in the low-frequency regime is consistent with the proposed tube-contact electronic resonantlike mechanism responsible for the large negative capacitance in the high-frequency regime. In fact, taking the obtained values of Rϭ18.4 k⍀ and ϭ82 ns, the corresponding ''quantum inductance'' 13 is L q ϭRϳ1.5 mH, which is in very good agreement with the measured value of 1.17 mH. Note that the capacitive response (C q ) at f Ͻ f r does not have the same physical origin as the one we introduced previously based on a classical RC-analog of the high-frequency part of the ac transport data.
FIG. 1. ͑Color͒ ͑a͒
Real part and ͑b͒ imaginary part of the impedance spectrum of a single-wall nanotube rope, in the frequency range 100 Hz to 8 MHz. The insert in ͑a͒ shows the parallel RC equivalent circuit we used to fit the data. The red solid curves are the best fits with a static resistance of Rϭ18.4 k⍀ and a negative capacitance of CϭϪ4.46 pF. The real and imaginary parts ͓͑c͒ and ͑d͔͒ of the impedance spectrum in the low-frequency region ͑100 Hz Ϫ500 kHz͒ exhibit an extremely interesting resonance behavior. There is a sharp jump in the real part of the impedance spectrum at 37.6 kHz, which is independent on the length of the bundle. The SEM image in ͑e͒ shows the measurement configuration of the nanotube rope attached to tungsten electrode leads. Figure 2 shows the frequency derivative of the impedance spectra for the six configurations shown in Fig. 1 . The observed sharp resonance at 37.6 kHz gives a quality-factor Q value larger than 9.4 ͑equal to resonant frequency/full width at half maximum of the peak͒, which is reasonably good for practical circuit applications. Clearly the resonance frequency is independent on the length of the nanotube, as the lengths of nanotube segments in six different measurement configurations vary.
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We have also studied the temperature dependence of the impedance jump as shown in Fig. 3͑a͒ . With the increasing temperature, the impedance and the amplitude of the jump decrease, indicating a negative temperature coefficient. At about 65°C, the jump almost disappears. In Fig. 3͑b͒ we plot the resonance peak, and the impedances at 100 Hz and 100 kHz as a function of 1/T on a semi-logarithmic scale. These three sets of data all give an approximate linear relationship as seen in several other one-dimensional conductors, which imply that the impedance and the resonance are thermally activated. The activation energies extracted from the slopes are 0.44Ϯ0.05 eV, 0.17Ϯ0.04 eV, and 0.16Ϯ0.04 eV for the resonance, and the impedance values at 100 Hz and 100 kHz, respectively. The activation energies for impedance at 100 Hz and 100 kHz are similar, while the activation energy for the resonance is more than twice as large. Therefore, it can be concluded that the resonance is an intrinsic characteristic of the nanotube and is not caused by the tube-metal contact resistance. The net activation energy for the resonance alone is ϳ0.27 eV.
In comparison, the impedance spectra of multiwalled ͑made in the electric arc process with out the use of any catalysts 14 ͒ nanotubes, dispersed across electrodes, were also investigated and we observe similar features in the impedance spectrum as that for the single-walled nanotubes. 15 The large range ͑100 Hz-8 MHz͒ impedance behavior also shows a negative capacitance, with a value ͑Ϫ5.15 pF͒ that is close to that of the single-walled nanotube bundles ͑Ϫ4.46 pF͒. Interestingly, the resonance occurs at 37.6 kHz for all the samples, but the relative amplitude of the jump is much smaller than that of the single-walled nanotube bundle.
The large frequency-independent negative capacitance due to the metal-tube connections can be used to compensate the positive capacitance in a RLC circuit. If the relaxation mechanism in the metal-tube connection can be understood, we can engineer the metal-tube connection by changing the metal 16 or by doping the nanotube, 17 so that we can alter the negative capacitance values to fit circuit needs. So far, the purely epitaxial tube-tube connection has not been shown possible to fabricate, but the tube-metal ͑catalyst͒-tube
͑Color͒ The frequency derivative of the impedance spectra for all six measurement configurations. Clearly, the resonance frequency is independent of nanotube length. For the resonance at 37.6 kHz, the quality-factor Q value is larger than 9.4.
FIG. 3. ͑Color͒ ͑a͒
Temperature dependent impedance spectra. The value of the impedance and the amplitude of the resonance decrease with increasing temperature. ͑b͒ The peak of the differentiated impedance spectra ͑᭹͒, impedance at 100 Hz ͑ᮀ͒, and 100 kHz ͑᭺͒ are plotted as a function of 1/T. These three sets of data all give an approximate linear relationship with activation energies 0.44Ϯ0.05 eV, 0.17Ϯ0.04 eV, and 0.16Ϯ0.04 eV. The large difference in the activation energy between the differentiated impedance at resonance and the low/high-frequency impedance demonstrates that the resonance is an intrinsic characteristic of the nanotube.
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connection has been demonstrated. 18, 19 The fixed resonant frequency at 37.6 kHz can be used as an oscillator for oscillation circuits. Since this resonance frequency does not depend on the type ͑single-walled or multiwalled͒ or length of the nanotubes, a single nanotube will serve as a molecular oscillator component, which could be used in nanoelectromechanical systems and ultrasonic nanotransducers. Since the resonance frequency falls in the ultrasonic regime, nanotube based transducers could find use as local probes coupled to biological systems during medical imaging.
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